Pulp cells are essential for tooth development, and dentin repair and regeneration. In addition these cells have been identified as an important stem cell source. Local anesthetics are widely used in dental clinics, as well as the other clinical disciplines and have been suggested to interfere with human permanent tooth development and induce tooth agenesis through unknown mechanisms. Using pig model and human young permanent tooth pulp cells, our research has identified that the local anesthetics commonly used in clinics can affect cell proliferation. Molecular pathway profiling suggested that LC3II is one of the earliest molecules induced by the agents and p62 is the only common downstream target identified for all the drugs tested. The effect of the drugs could be partially recovered by V-ATPase inhibitor only if early intervention is performed. Our results provide novel evidence that local anesthetics could affect tooth cell growth that potentially can have impacts on tooth development.
INTRODUCTION
Dental treatment involves similar or more frequent use of local anesthesia compared with any other clinical discipline. Local anesthetics are known to work by binding to voltage-gated Na + channels in nerves, therefore block sodium transportation and nerve conduction. 1 Although the maximum doses of various local anesthetics are established, the side effects of these agents on dental tissues have not yet been fully investigated. The only relevant literature in this regard relates to a canine model, which reported that local anesthetics could accumulate in natural cavities such as the crypts of tooth buds and the mandibular canal. 2 A recent clinical epidemiological study showed that local anesthesia can potentially interferes with human permanent tooth development and induces tooth agenesis through unknown mechanisms. 3 Autophagy is a catabolic process involving the degradation of unnecessary or aberrant cellular components through hydrolysis of lysosomes. It therefore controls the turnover of organelles and proteins within cells, and of cells within organisms. 4 During this process, targeted cytoplasmic constituents are isolated within autophagosomes, which then fuse with lysosomes to form autolysosomes where the cellular material is degraded or recycled. 4 It was previously observed that anesthesia drugs could induce vacuolation. 5 However, neither the mechanisms responsible for vacuolation nor its consequence has been reported. Vacuoles have a major role in autophagy and maintain a balance between biogenesis (production) and degradation (or turnover) for many substances and cellular structures.
In this study, using a pig model and in vitro human cell culture, we systematically tested the local concentrations of the agents and the cellular effects and molecular interactions of several local anesthetics routinely used in dental clinics.
RESULTS
Local anesthetics remain at high concentration in tooth pulp cells after nerve block injection The 5-month-old pig we used had a mixed dentitions including deciduous teeth and young permanent teeth, as well as developing third permanent molar tooth that are similar to adolescent children. We decided to test five commercial anesthetic drugs that are commonly used in the clinics of the four dental schools involved in this study: articaine-based agents: Ubistesin, Ubistesin forte and Septanest; mepivacaine-based agent: Scandonest and Lidocaine based agent: Xylocaine. Fluorescein-labeled local anesthetics were injected either around mandibular foramen (for lidocaine) for nerve block (Supplementary Figure 1A) or under the mucosa of the mesial buccal and lingual periapical regions of the first molar (for Ubistasin and Scandonest, not shown) for infiltration, exactly simulating clinical situations. It is noticeable that with nerve block, local anesthetics were able to penetrate into developing third molar in a posterior-anterior direction (Supplementary Figure 1B) , with a concentration of 19.88 ± 14.19 mM at the posterior site and 8.72 ± 9.43 mM at the anterior site 2 h after injection and could reach to 16.39 ± 8.36 mM and 22.23 ± 17 .45 mM respectively after 16 h inside the two proximities of the tooth (Supplementary Figure 1C and E). In contrast, at 2 h, the infiltration injection could reach to very high concentration at the outermost cell layer of the tooth pulp with 49.54 ± 22.57 mM for Ubistesin and 21.16 ± 15.44 mM for Scandonest (Supplementary Figures 1D and E) . However, notably the inner layer cells had much lower concentrations of the drugs at 6.67 ± 7.21 mM for Ubistesin and 9.89 ± 10.28 mM for Scandonest ( Supplementary Figures 1D and E ). Contrary to nerve block methods, in infiltration injection, the drug concentration rapidly decreased after 16 h with the outermost cell layer only held 16.65 ± 10.70 mM for Ubistesin and 9.89 ± 10.28 mM for Scandonest, whereas in the inner cell layer of the tooth pulps the drugs were entirely eliminated (Supplementary Figures 1C and E) .
Local anesthetics affect tooth pulp cell proliferation in a dosedependent manner As we found that local anesthetics remained high concentrations particularly in the nerve block method even after 16 h although the test was not performed in vivo. We then decided to test the dose effect of the agents on tooth pulp cells by measuring cell proliferation, differentiation and apoptosis, the key parameters that control tooth germ tissue and cell development. At increasing concentrations of the drugs tested, there was a significant dosedependent reduction of Ki67 mRNA expression ( Figure 1a ). In contrast, there was no change in the levels of cell differentiation and cell death upon anesthetic challenge in mRNA expression for the tooth pulp differentiation markers Runx2 and p38, and the apoptosis marker Bax at different concentrations ( Figure 1b and d, Xylocaine also showed similar regulation pattern of the markers tested, data not shown). The TUNEL assay confirmed that apoptosis was not induced by these drugs (data not shown).
Local anesthetics induce autophagy in tooth pulp cells In parallel to the decreased cell proliferation, in the presence of all the drugs, increased vacuole formation was also observed in the cytoplasm of dental pulp cells (Figure 2a and data not shown). Immunofluorescence analysis showed that the vacuoles contained LAMP-1 (Figure 2b and Supplementary Figure 2A ). As LAMP-1 overexpression is often associated with an accumulation of autophagic vacuoles, we therefore measured the level of autophagy. Autophagosome numbers correlate with the levels of autophagosome-associated protein LC3-II or the number of (d) Western blot (left panel) analysis of LC3 expression in two primary dental pulp cell lines with and without drug treatment. Note that LC3 is expressed as two isoforms with molecular weights 17 kDa (LC3-II) and 19 kDa (LC3-I). β-Actin was used as a loading control. Signal quantification (right panel) was performed on C-DiGit Blot scanner acquired gel images using Image Studio 4.0 software (LI-COR Biosciences UK Ltd, Cambridge, UK). Relative signal was calculated as LC3II (17 kDa) versus LC3I (19 kDa) then normalized against β-Actin signal. (e) GFP-LC3 fusion protein expression (green) in control cells and cells treated with 0.5 mM anesthetic drug. Cells were counterstained for Phalloidin (red). Cell nuclei were visualized using 4′,6-diamidino-2-phenylindole (DAPI). Additional analysis can be found in Supplementary Figure 2 . Scale bars, 20 μm. UBI, Ubistesin; UBI-F, Ubistesin forte; Scan, Scandonest; Sept, Septanest. Scale bars, 10 μm.
LC3-positive vesicles. 6 Immunofluorescence microscopy (Figure 2c and Supplementary Figure 2B ) and immunoblotting ( Figure 2d ) results showed that all anesthetics tested markedly increased levels of LC3, particularly the short half-life form, LC3II (Figure 2d ). To provide further evidence of autophagy induction, we analyzed GFP-positive vesicles in cells transfected with GFP-LC3 plasmids. The results showed that GFP production was highly increased in drugs-treated cells, suggesting that all of the local anesthetics tested could induce autophagy (Figure 2e and data not shown). Consistent with our in vitro findings, in the local-anesthetic-treated pig mandibles, LC3II was indeed induced in the third molar tooth pulps both at 2 and 16 h after nerve block injection (Supplementary Figure 2C ) and in the first molar teeth received infiltration injections, LC3II induction could only be mainly identified at the outermost cell layer of the tooth pulp at 2 h but was quickly removed after 16 h (Supplementary Figure 2D ).
Early autophagy inhibition can reverse anti-cell proliferation effects of local anesthetics on tooth pulp cells
To understand if the antiproliferative effect of the drugs is time dependent, we performed BrdU labeling analysis of the cells at 0.5 and 2 mM concentrations. The results showed that local anesthetics could already block cell proliferation at 2 h at a rate of twofold change, whereas at 16 h most of the drugs reduced BrdUpositive labeling by more than five times (Figure 3a) . Western blotting analysis of LC3, p62 and phosphorylated form mTor suggested that LC3 is the earliest induced molecular by the local anesthetics administration, whereas the induction of p62 and p-mTor only became significant after 8 h (Figure 3b and supplementary Figure 3A ), suggesting autophagosome formation is among the earliest cellular reactions upon local anesthetic drug challenge. Autophagy has been reported to be able to reduce cell proliferation. 7 We therefore addressed this possibility by treating cells with an autophagy inhibitor, bafilomycin that specifically inhibits vacuolar-type H + ATPase (V-ATPase) 8 together with each anesthetic drug at 0.5 and 2 mM concentrations for 8 and 16 h. The results showed that at 8 h time point autophagy inhibition did antagonize the antiproliferative effects of anesthetics on tooth pulp cells (Figure 3c and d and Supplementary  Figures 3B and C) , while at 16 h, bafilomycin still had the rescuing effects in the 0.5 mM agent treated group but failed to do so in the 2 mM group (Figure 3c and d and Supplementary  Figures 3B and C) .
p62 is the key target of local anesthetics To investigate which downstream molecular signaling pathways mediate the effects of local anesthetics on tooth pulp cells, we analyzed the changes in gene expression using the PCR array (PathwayFinder) assay. p62 was the only gene to consistently show dose-dependent changes in expression for all drugs tested and at different concentrations (Figure 4a and Supplementary  Figure 4 ). Interestingly, transcriptional analysis of a panel of key autophagy genes (including LC3) showed p62 was the only common gene changed by all the drugs tested ( Figure 4b ). Upregulation of p62 mRNA and protein was validated by real-time RT-PCR and western blot analysis, respectively (Figure 4b and c) . Importantly, p62 mRNA and protein levels appeared to be linked with local anesthetic concentrations (Figure 4c ). In the same timecourse study (Figure 3a and b) , we also found that p62 mRNA could be already induced 2 h after the application of the drugs (Figure 4d ) but the protein level changes only happened at 8 and 16 h (Figure 3b ), suggesting the upregulation of p62 was the subsequent effect of LC3II induction.
Local anesthetics-induced cell growth arrest is not linked with mitochondrial dysfunctions Local anesthetics have been known to be able to induce cellular stress and autophagy that has been linked with mitochondrial dysfunctions. We therefore measured dynamic cellular energetics using the Seahorse XF reader in cells received local anesthetics challenge. The results showed unexpectedly that at time points 2, 4 and 8 h, all the parameters tested including basal respiration, phosphorylation, proton leak and maximum respiration were induced in the agents treated cells for most of the cases (Figures 5a and b and Supplementary Figures 5A and B) with the exception of the 16-h time point at 2 mM but not 0.5 mM concentration four out of five drugs tested reduced basal respiration, phosphorylation and maximum respiration but not proton leak (Figure 5a and b and Supplementary Figures 5A and  B) . These results indicate that mitochondrial functions were disturbed only at high concentration (2 mM) after 16 h.
DISCUSSION
Very little has been known about the impact of local anesthetics on the tooth, particularly on young tooth pulp cells. Articaine, mepivacaine and lidocaine are the most prevalent injectable local anesthetic agents not only in dental clinics but also in other practices. Among them, articaine has been used as the first choice by most of the dentists as it has been proven to be more efficient than the other drugs such as lidocaine due to better nerve block and tooth pulpal anesthesia results. 9, 10 Articaine contains a thiophene ring and mepivacaine and lidocaine contains a benzene ring that can increase drug lipid solubility. Local anesthetics are known to work by binding to voltage-gated Na + Figure 5 . Local anesthetics affect tooth pulp cellular energetics. Key parameters of mitochondrial function including basal respiration, phosphorylation, proton leak and maximum respiration were tested by directly measuring the oxygen consumption rate (OCR) of cells treated with the five anesthetics with 0.5 and 2 mM concentrations for 2 h (a) and 16 h (b) (8, 16 h results can be found in Supplementary Figure 5 ). Note that at 16 h basal respiration, phosphorylation and maximum respiration were all reduced in the 2 mM UBI-F, Sept, Scan and Lido treated cells. Lido, Lidocaine; UBI, Ubistesin; UBI-F, Ubistesin forte; Scan, Scandonest; Sept, Septanest. Number abbreviations after individual drug abbreviation: 0.5: 0.5 mM; 2: 2 mM. *P o0.05; **P o0.01. channels in nerves, therefore block sodium transportation and nerve conduction. 1 To our knowledge, this is the first systematic analysis of the effects for these agents on tooth pulp cell activities. The aim of our study was not to compare the similarities and differences between the agents, but rather we wanted to investigate on common effects of the drugs that potentially could explain the clinically observed increased tooth agenesis ratio in patients who receive local anesthesia treatment 3 and we have found that the drugs tested could inhibit tooth pulp cells proliferation in vitro, in a dosage dependent manner.
It has been reported that local anesthetics such as bupivacaine can uncouple mitochondrial oxygen consumption and ATP synthesis and reduce ATP synthesis. 11 Mepivacaine can also inhibit mitochondrial respiration 12 and lidocaine can cause mitochondrial injury and induce apoptosis in the cells. 13, 14, 15 We noted as previously reported that local anesthesia drugs could induce vacuolation. 5 The vacuolation in human tooth pulp cells by the drugs is linked with autophagy that can be monitored by LC3II, a key autolysosomal marker. 6 Using various approaches, we have shown that the autophagy marker LC3-II levels were increased in tooth pulp cells by local anesthetic drugs. Also by applying a LC3-GFP reporter assay, we showed that the LC3 protein was translocated into autophagosomes when primary tooth cells were treated with the anesthetic drugs.
Mechanistically, autophagy has often been linked with mitochondrial dysfunctions and localized inside mitochondria (i.e., also named as mitophagy). 16 However, through detailed dynamic cellular energetic analysis we have identified that upon challenge by the different drugs tested, at least until 8 h after treatment, mitochondrial functions of tooth pulp cells were not diminished. Instead we have observed a significant increase of mitochondrial respiration, a possible surviving mechanism have been initiated in mitochondria to counteract the toxicity effect of the drugs. It is noticeable that longer treatment at high but not low concentration for most of the tested drugs did reduce basal respiration, phosphorylation and maximum respiration of mitochondria, in the meantime, unexpectedly the mitochondrial spare respiratory capacity remained unchanged (data not shown), suggesting at this stage and condition mitochondrial functions have been possibly damaged that require further experiments of checking mitochondria integrity and functions are desired.
Interestingly proton leak has been identified in all the tested drugs in all the conditions, suggesting it is a direct consequence of local anesthetic drug application. In fact, another local anesthetic drug bupivacaine has been found to have uncoupling function through a protonophore-like mechanism; 17 therefore, it would be interesting to understand if articaine, mepivacaine and lidocaine function on proton leak using the same machinery. Continuous H vacuolar (V)-ATPase activity is required to maintain the pH in case of proton leak. 18 Given the fact that acidic lysosomal condition is required for autophagosome maturation, we hypothesize that V-Atpase's function has been overactivated upon drug challenge. Indeed, this hypothesis can be supported by the fact that adding V-Atpase specific inhibitor, bafilomycin could efficiently rescue cell proliferation. A future assay on V-Atpase activities would be helpful to further prove our theory. Also for later stage highconcentration drug treaments, bafilomycin failed to further induce LC3II accumulation also suggest that future tests need to be done on the other mechanisms involving in autophagy and dose effect of bafilomycin.
A key role of autophagy is to remove excess aggresomes associated p62 and dysfunctional organelles that can induce double strand DNA breaks. 18 p62 is a receptor for cargo destined to be degraded by autophagy, including ubiquitinated protein aggregates. 19 The p62 protein can bind both ubiquitin and LC3, thereby targeting ubiquitinated proteins to the autophagosome for clearance. 20 In addition, p62 has been shown to regulate cell proliferation through Twist1 stabilization. 7 Therefore, intracellular p62 protein levels are critical for cell viability. Mechanistically, using a signaling pathway specific PCR array, we identified the p62 gene as a unique downstream target of all the drugs tested. We also found that the concentrations of anesthetic drugs are linked with p62 protein levels especially for later stages, while reduced cell proliferation by long time high-concentration local anesthetics treatment could not be rescued using bafilomycin. This observation suggests it is possible DNA damage could be induced by excess p62 when it reaches to a certain concentration and is not cleared in time.
In conclusion, our findings that local anesthetics can induce autophagy in tooth pulp cells have clinical implications, due to their potential impacts on tooth development as well as root formation and apical foramen closure. Future in vivo validation of our findings will be plausible to further enhance our knowledge about the clinical impacts of these local anesthetic drugs.
MATERIALS AND METHODS Drugs
The commercial anesthetic drugs used in this study were articaine-based agents: Ubistesin (522721, 3 M ESPE), Ubistesin forte (512987, 3 M ESPE), Septanest (09091451103, Septodont) and mepivacaine-based agent: Scandonest (09091173002, Septodont) and Lidocaine based agent: Xylocaine (Batch 4180, Dentsply).
Animal model of local anesthetics application
Freshly isolated mandibles from 5 months old Gloucester Old Spot crossed with Landrace pigs (kindly provided by a local abattoir) were used in the experiments. Local anesthetics: Lidocaine (for nerve block), Scandonest or Ubistesin-Forte (for infiltration) was prelabeled with 0.5% fluorescein. One milliliter Lidocaine was then injected into the mandibular foramen and 0.8 ml Scandonest or Ubistesin-Forte was injected respectively into buccal and lingual mesial submucous sites around the mesial apical root of mandibular first molars using 23G needle and 1-ml syringe. After 2 and 16 h, the third permanent molar tooth germ and the first permanent molar root pulp were excised and embedded in OCT compound (Tissue-Tek; Sakura Finetek, Thatcham, UK). Eight-micrometer frozen sections were prepared. The fluorescence images of the tissues were acquired using a Leica SP5 confocal microscope (Leica Microsystems (UK) Ltd, Breckland, UK) and measured with Adobe Photoshop CS6 software (Adobe Systems Europe Ltd, Maidenhead, UK) then normalized against the signal of the labeled drugs.
Cell isolation and culture
Cell isolation and treatment protocols were approved by the Ethics Committee of the Peking University School and Hospital of Stomatology, Beijing, China. For details please see Supplementary Information.
Autophagy Inhibitor assay
A 10-mM stock solution of the autophagy inhibitor bafilomycin A1 (No. 11707, Sigma) was prepared in DMSO. Cells were treated with 100 nM bafilomycin and control cells were treated with vehicle alone. For the autophagy inhibition assay, cells were exposed to anesthetics and bafilomycin at the same time.
Plasmid preparation and transfection GFP-LC3II plasmids 21 were used for visualization of autophagosome formation. The GFP-LC3 fusion protein is expressed throughout the cytoplasm in the absence of autophagy, but translocates to the autophagosome membrane upon autophagy induction to form multiple bright green fluorescent spots. For details please see Supplementary Information.
BrdU staining and quantification
BrdU (RPN201, Amersham-GE) was diluted in complete cell culture medium at a ratio of 1 : 1000 and added on top of tooth pulp cells for 2 h. Cells were then fixed in 4% PFA then treated with of 2 N HCl for 30 min Local anesthetics induce tooth pulp cell autophagy H Zhuang et al before they were stained with anti-BrdU antibodies (ab6326, Abcam, 1 : 500 dilution). The antibody staining procedures were exactly as above except the blocking buffer was prepared with 2.5% BSA. After imaging, the images were processed in Image J software (National Institutes of Health, Bethesda, MD, USA) and BrdU-positive cells and total cell number were quantified using 'Analyze Particles' function.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay Apoptosis was assayed using an In Situ Cell Death Detection Kit (11 684 795 910, Roche), following the manufacturer's standard protocol.
Immunostaining, western blotting real-time RT-PCR and result analysis Immunostaining, western blotting, RNA and cDNA preparation, real-time RT-PCR, and statistical analysis were performed as previously described. 22 For experimental details please see Supplementary Information.
PCR array
Changes in human signal transduction genes were measured using an RT 2 Profiler PCR Array (Human Signal Transduction PathwayFinder; PAHS-014ZG-4, Qiagen Ltd., Manchester, UK) on a Lightcycler 480 Instrument II (Roche Diagnostics Limited, Burgess Hill, UK) 384-well block real-time PCR machine according to the manufacturer's instructions. 1 μg cDNA template was used for each sample. Results were exported into Microsoft Excel and heatmap analysis was performed using Multiple Experiment Viewer (MeV) 4.9.0 open source software (Dana-Farber Cancer Institute, Boston, MA, USA).
Mitochondrial energetic assay
The XF Cell Mito Stress Test (#103015-100, Seahorse Bioscience, Copenhagen, Denmark) was used in XF 96 Extracellular Flux Analyzer (Seahorse Bioscience) to measure key parameters of mitochondrial function by directly measuring the oxygen consumption rate (OCR) of live cells. For details please see Supplementary Information. Statistical analysis PRISM 5 software (GraphPad Software, Inc. La Jolla, CA, USA) was used to analyze the experimental data. One-way ANOVA followed by Bonferroni correction was performed for real-time RT-PCR analysis, and Dunnett's test was applied for mitochondrial energetic analysis. Statistical significance was set at *Po 0.05 and **Po 0.01.
